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Development of a conservation-oriented
precision agriculture system: Crop
production assessment and plan
implementation

N.R. Kitchen, K.A. Sudduth, D.B. Myers, R.E. Massey, E.). Sadler, R.N. Lerch,
J.W. Hummel, and H.L. Palm

ABSTRACT: From site-specific crop and soil information collected from a Missouri claypan soil
field for over a decade (1993 to 2003), we implemented a precision agriculture system in 2004
with a goal of using site-specific management practices to improve farming profitability and
conserve soil and water resources. The objectives of this study were to: 1) show how precision
crop and soil information was used to assess productivity, and 2) document the development of
the precision agriculture system plan for implementation on the field, relying on this productivity
assessment and conservation opportunities. The study field was uniformly managed from 1991-
2003, during which time variability in soil and landscape parameters and yield were measured,
and causes of yield variation were determined. Profitability maps were created from yield maps
and production records. Because erosion has degraded the topsoil on shoulder and side slope
positions of major portions of this field, corn-soybean management practices have rarely been
profitable in these shallow topsoil areas. We prioritized these and other results, and developed
the precision agriculture system plan. The plan, described in detail, is aimed at increasing
profitability while improving water and soil quality.

Keywords: Precision agriculture system, profitability mapping, site-specific management,

topsoil depth, yield limiting factors

“History is the science of what never
happens twice” (Paul Valery, critic and
poet, 1871 - 1945). Few will argue against
the assertion that a historical perspective—
even when it is not exactly the same twice—
provides a valid foundation for projecting the
potential consequences of future decisions.
‘When considering the history of an individ-
ual crop production field and how it performs
in food, forage, or fiber production, usually
little or no record has been maintained
describing the interplay of management
practices, soil and land resources, and climate.
This historical void can be effectively filled
with the technologies and methods of
precision agriculture.

Precision agriculture has been defined as
the application of technologies and principles
to manage spatial and temporal variability
associated with all aspects of agricultural

production (Pierce and Nowak, 1999).
Precision agriculture has the capacity to
enhance production and protect the environ-
ment while conserving soil and water
resources. From this premise, Berry et al.
(2003) developed the idea of ‘precision con-
servation, which was defined as the use of
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precision technologies and procedures, across
spatial and temporal variability, to achieve
conservation objectives. They further pro-
posed that precision conservation ties efforts
across scales (zones within field to between
fields to watershed and basin management)
and is a key tool in achieving conservation
goals. In this paper, we use a well-analyzed
case study field to support the proposal that
precision agriculture information can provide
a historical perspective enabling simultaneous
improvements in production profitability and
conservation goals (for this paper, we use
“conservation” to include aspects of environ-
mental protection).

The logic of tailoring management in time
and space so that production inputs are
provided as needed is convincing, even for
non-agriculturally minded people. Yet, the
producer’s primary justification for employ-
ing precision agriculture is to improve crop
performance (Kitchen et al., 2002) while the
public sector’s primary interest in precision
agriculture is improving the environment
(Vanden Heuvel, 1996). These should not be
viewed as mutually exclusive objectives
(Berry et al., 2003). Precision agriculture has
been touted as “agriculture of the future”
by which production profitability will be
increased, agrichemical use will be reduced,
nutrient use efficiencies will be increased, and
off-field movement of soil and agrichemicals
will be reduced (Larson et al., 1997).

Precision agriculture should be promoted
to the extent it facilitates conservation and
production better than whole-field, conven-
tional management practices. However, only
a few studies have been conducted to deter-
mine whether these management strategies
meet this high expectation. Most field-level
studies have been either computer model-
driven comparisons, or statements of reduced
loadings with precision applications (see
literature reviews in Larson et al., 1997;
Pierce and Nowak, 1999; Bongiovanni and
Lowenberg-Deboer, 2004). Further, these
studies typically focus on only one or two
management practices/inputs when compar-
ing site-specific management to uniform
management. Results from these studies
have been mixed. Often the likelihood that a
precision agriculture approach improved
production and/or environmental parameters
was dependent on the degree and type of
variability initially found in the experimental
area. Some studies have found that
the decision rules developed for uniform
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management were insensitive to management
recommendations when developing a site-
specific plan (Ferguson et al.,, 2002). For
some aspects of management [e.g., nitrogen
(N)], seasonal climate influences have had
more impact on production than spatial field
variability, and thus temporal information
may dictate the optimal management (Dinnes
et al., 2002; Power and Weise, 2001).
Conservation must be compatible with
profitability. Otherwise, it will not be adopted
and can not be sustainable in a free market
economy. To achieve sustainable food pro-
duction systems, it has been proposed that
precision agriculture technologies and prac-
tices need to be integrated into conservation
planning, in order to deal with the complex-
ity of spatial heterogeneity of farmlands
(Berry et al., 2003). Research demonstrating
this integration in field-scale studies is lack-
ing, in large part because of the time and
expense required to conduct these types of
studies. In 1991, we began collecting crop,
soil, and water quality information on a
typical claypan-soil field in Missouri. By
1993 our research investigations included
measuring  spatially-variable soil and crop
information. Using information collected
from this field for over a decade (1993, to
2003), we implemented the precision agricul-
ture system for this field in 2004. The goal of
this precision agriculture system is to use site-
specific management practices to improve
profitability and to better protect soil and
water resources as compared to past manage-
ment practices. The objectives of this study
were to: 1) show how precision information
was used to assess crop productivity and prof-
itability for this study field, and 2) document
the development of the precision agriculture
system plan, which relied on this productivity
assessment along with the conservation
opportunities described in Lerch et al. (2005).

Methods and Materials

The 36-ha (89 ac) study field and its manage-
ment history are described in detail in Lerch
et al. (2005). A major objective during 1993
to 2003 was to measure and map the
variability of a number of different soil and
crop properties with management practices
being held constant on the field (i.e., conven-
tional uniform management).

Order 1 soil surveys (1:5,000 scale) were
conducted on this field in 1993 and 1997 as
described in Fraisse et al. (2001a). Apparent
soil electrical conductivity (EC,) measure-

ments were obtained using the Veris
(Veris Technologies Inc., Salina, Kansas)
model 3100 sensor cart system and a mobile
Geonics (Geonics Limited, Mississauga,
Ontario, Canada) model EM-38 system
(Sudduth et al., 2003). With the Veris 3100
sensor, both shallow [0 to 30 cm (0 to 12 in)]
and deep [0 to 100 cm (0 to 39 in)] data were
collected. The EM-38 sensor was operated
in the vertical dipole mode, providing an
effective measurement depth of 0 to 150 cm
(0 to 59 in). Data from both sensors were
collected on 10 m (33 ft) transects at 1 Hz,
and georeferenced using differential global
positioning system receivers.

Elevation data from a real-time kinematic
(vertical accuracy 3 to 5 cm or 1.18 to 1.97 in)
global positioning system survey were collected
on 10 m (33 ft) transects (Kitchen et al., 2005).
The data were kriged in order to create a digi-
tal elevation model on a 10 m grid. Slope, pro-
file curvature and aspect were then calculated
from this digital elevation model using terrain
modeling algorithms (Surfer v7, Golden
Software Inc., Golden, Colorado).

In odd years starting in 1993, soil was sam-
pled for nutrients on a 30-m grid. Additional
random sample points were included to assess
short range variability (total samples = 468).
Three (1993 only) or eight (1995-2003) cores
were taken to a depth of 20 cm (8 in) within
a 1-m (3-ft) radius of the differential-GPS
referenced sampling point and composited.
Samples were analyzed for phosphorus, potas-
sium, cation exchange capacity (sum of
bases), organic matter, and pH (Brown and
Rodriguez, 1983).

Only a field-average yield was available for
1991 and 1992. Starting in 1993, combine
harvesters equipped with commercially-
available yield sensing systems were used to
obtain yield data. Yield data points deemed
questionable or unreliable because of errors
or other operational problems were removed
as discussed in Kitchen et al. (2003).

While the methods and sampling intensity
varied for the different measurements, we
have applied standard geostatistical procedures
for interpolation by kriging, mapping to a
10 X 10 m (33 X 33 ft) grid cell size, and
extraction of mapped data as described in
Kitchen et al. (2005). Subsequent analyses
were conducted on all 10-m (33-ft) grid data,
with the exception of soil fertility, where only
the 10-m grids coincident with soil sample
points were used.

Correlation, regression, non-linear neural



Table 1. Monthly growing-season precipitation for the study field compared to the 56-year average (1948 to 2003).
Year Crop Apr May Jun Jul Aug Sep Total
cm

1991 corn 9.1 15.0 4.0 15.4 4.8 11.7 60.0
1992 soybean 6.4 2.3 2.4 14.8 2.6 8.1 36.6
1993 corn 14.5 8.6 14.2 16.2 13.2 36.0 102.7
1994 soybean 26.4 2.6 8.9 1.0 3.9 6.0 48.8
1995 sorghum 13.7 25.7 17.3 7.4 16.8 7.3 88.2
1996 soybean 6.2 17.4 8.8 7.0 12.2 8.6 60.2
1997 corn 8.2 12.6 9.9 4.0 9.1 5.6 49.4
1998 soybean 10.3 5.5 24.0 14.9 4.2 14.2 73.1
1999 corn 17.5 8.6 14.0 0.9 34 3.1 47.5
2000 soybean 2.2 8.6 17.1 7.1 22.3 4.7 62.0
2001 corn 11.5 18.5 15.4 8.9 2.1 5.0 61.4
2002 soybean 13.9 23.3 5.3 5.4 8.6 1.5 58.0
2003 corn 10.3 13.8 16.4 1.7 8.5 12.5 63.2
56-yr average 8.9 10.8 10.8 9.0 8.9 9.2 57.6

network, cluster analysis, and boundary line
analysis were used to analyze the compiled
data layers (Sudduth et al., 1996; Kitchen et
al., 1999; Fraisse et al., 2001a; Sudduth et al.,
2003, Drummond et al., 2003; Kitchen et
al., 2005).

Profitability assessment. Profitability maps
were generated from yield maps. A profit
map is a comprehensive measure of field
performance since it is an outcome that
considers all resources spent and revenue
received. Unlike yield maps, profit maps
allow different crops to be compared by
expressing them in a common metric.

Profit maps were generated by subtracting
input costs/expenses from gross revenue.
Creating the profit map required the devel-
opment of budgets for each grid cell where
yield was measured and inputs recorded.
Revenues and expenses were allocated to the
year and crop that they benefited rather than
the year in which they were incurred.
Because the objective of profit mapping was
to present actual profit rather than to make a
forecast, actual grain prices were assigned as
the higher of the appropriate loan rate or the
average harvest time price (September to
November) in the year of harvest (USDA,
2003). By using actual prices received, the
profit map took into account market influ-
ences. Actual prices paid for inputs were also
used in the profit map generation. Detailed
records of field activities such as cultivating,
planting, and spraying were maintained along
with records of quantities and costs of all
inputs used. The costs of field activities were
estimated using published local custom rates
(Plain et al., 2001). Land was charged the
average rental price associated with each crop

year, based on statistics for the local crop
reporting district (Plain and White, 2003).
Overhead costs that are fixed with respect to
acreage and yield, such as barns and com-
puter expenses, were excluded from this
analysis. A wage for field activities per-
formed was included in the accounting of
field activities (i.e., included in custom
rates). No government program payments,
other than loan rate, were considered as
income. Profit maps were calculated by
multiplying yield by price and subtracting
the costs of field activities and inputs on a
cell-by-cell basis. Because management was
uniform, the cost of field activities and
inputs was constant across the entire field.
The gross revenue and hence, net revenue,
varied as yield varied by location.

Results and Discussion
Crop production and soil properties. Year-to-
year variation in yield was significant and was
largely attributed to the amount of rainfall
received in July and August (Jung et al., 2005)
(compare Table 1 with yield maps in Figure
1). In general, when total rainfall for the
July-August period fell below 15 cm (5.91
in), crop stress occurred due to water defi-
ciency, reducing grain yield. Claypan soils
have relatively low drought tolerance because
the high-clay subsoil has low plant-available
water content (USDA-NRCS, 1995). Spatial
variability in yield was extreme for most
years, with the highest yielding areas 200 to
600 percent greater than the lowest yielding
areas (Figure 1 yield map).

Historically, variations in soil productivity
have often been represented by soil type
maps. Highly detailed Order 1 soil surveys

may provide information at the spatial resolu-
tion required to interpret sub-field variation
in productivity (Figure 1). Visual examina-
tion of the data presented in Figure 1 verifies
that yield patterns for many years have some
similarity to soil survey, elevation, and /or EC,
maps. We found that productivity variation
on this field could be better represented by
zones developed with a combination of EC,
and topography data than with an Order 1
map (Fraisse et al., 2001a). However, using
zones derived from these relatively static soil
data still only represented less than or equal to
30 percent of the within-field yield variation,
suggesting that other (e.g., pests, diseases,
nutrients) variables were also affecting yield.
Kitchen et al. (1999) confirmed this observa-
tion by using a boundary line analysis to
quantify the relationship of yield to EC, in
the absence of other yield-limiting factors.
The interpretation of boundary line results
varied from year to year depending on the
climate and crop. As might be expected, the
relationship between EC, and topography
with yield also coincided with historic ero-
sion patterns that largely dictate the soil qual-
ity status of this field (Lerch et al., 2005).
East-west striping patterns seen in fertility,
pH, and yield maps (Figure 3) were residual
effects of the way this field has been managed
in the past. Prior to 1990, the field was
managed as a set of smaller fields. A visual
comparison of the historical aerial photos
(Lerch et al., 2005), fertility, and yield maps
shows some similarity. As an example, an area
of higher pH north of the east-west tree line
is quite different from the rest of the field and
is associated with higher yield seen in some
yield maps (see 1993, 1994 and 1997).
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Figure 1
Maps showing variability in soil properties and crop yield for the study field. High and low values on legends adjacent to yield maps represent +/-
three standard deviations from the mean. Soybean yield legends range from 0.5 to 4.2 Mg ha* and corn yield legends range from 0.0 to 10.6 Mg ha™.
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However, in the majority of the vyears,
spatial patterns in fertility maps bear little
resemblance to patterns of yield variability.
Correlations between yield and soil fertility
measurements were generally low (|r| less
than 0.20) and inconsistent from year to year
(Sudduth et al., 1996; Kitchen et al., 1999).
Therefore, including measured soil nutrient
data along with topography and EC, provid-
ed little improvement in yield estimations
using linear regression techniques. Better
results were obtained with nonlinear non-
parametric techniques, including projection
pursuit regression and neural network
analysis. These techniques allowed the
analysis to consider complex non-linearities
and interactions among variables that could
not be modeled in linear regression. Neural
networks were the most successful in model-
ing within-season yield variations, with r* =
0.60 in several cases (Sudduth et al., 1996;
Drummond et al., 2003). Climate variables
were not successful in generalizing the neural
network yield estimation across multiple
years. The complex nature of the climate-
soil-topography interactions on this field
would require numerous additional site-years
of input data to develop models predictive of
yield variations across a range of climatic
conditions (Drummond et al., 2003).
Opverall, our research investigating yield-
limiting factors on this field has demonstrated
that 1) because of their effect on soil water
holding capacity and within field water redis-
tribution, soil texture and topsoil depth (as
inferred by EC,) and topography had the
most persistent relationships with yield,
although the shape of the relationship was
dependent on the climate during the partic-
ular growing season; 2) relationships of yield
variations to soil fertility variations were, in
general, not strong; and 3) it was possible to
model spatial yield variations within a single
season using nonlinear techniques, but
attempts to integrate climate measurements
for a multi-year analysis were not successful.
Production shown as profitability. Corn,
soybean, and 10-year (1993 to 2002) average
profitability maps for this field are presented
in Figure 2. The balanced distribution of
positive (greens) and negative (browns) prof-
itability reflects the average profitability being
nearly $0 per hectare over the 10 years of this
analysis. The soybean map indicates that, on
average, soybean profitability was positive
over most of the field while the corn map
indicates that, on average, corn profitability

Figure 2

Profitability of the average of four corn years (left), five soybean years (center), and ten years

(2003 to 2002) (right) for the study field.

Corn
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Meters
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Soybean All crops

was negative over most of the field.

The overall financial loss with corn raises
the question of whether or not corn should be
grown on the field. While the corn profit map
makes the question visually obvious, geo-refer-
enced profit maps are not required to answer
the question. The decision of whether or not
a specific crop should be grown can be
answered by looking at the profitability of the
whole field. Other information, such as
weather or pest pressure, might temper conclu-
sions based on simple averages. For example,
during several seasons when corn was grown
on the field the crop experienced either July or
August rainfall that was well below the long-
term average (Table 1). The power of profit
maps lies in their ability to indicate where,

within a field, all crops or a particular crop per-
formed well or poorly.

Profitability patterns persist over years as
impacted by permanent features of the land-
scape. A drainage waterway runs north-
south through the middle of the field. The
average profit map indicates that the land
immediately adjacent to the drainage way was
profitable for almost its entire length. Field
drainage paths control sediment, nutrient, and
agrichemical movement. As such they are
frequent targets for application of conserva-
tion practices such as grassed waterways. The
potential economic and conservation impacts
of constructing a grass waterway for this field
are discussed later.

A soil feature that has had major negative

Figure 3

Graphical representation of the priorities chosen for the precision agriculture system. Highest

priorities are on the bottom.

Ground water
quality

Soil quality
(sustainability)

Surface water
quality

Production
(profitability)

1. decrease nitrates

. greatly reduce topsoil loss
. improve soil structure to enhance infiltration
. build organic matter

. reduce sediment loss
. reduce herbicide loss
. reduce nutrient loss

1. reduce cost
2. achieve stable yield
3. improve water use efficiency
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impact on profitability is low topsoil thickness
(seen as high EC, areas in Figure 1 and
estimated in Lerch et al., 2005), especially
notable on the north half of the field where
erosion has been most evident. Corn prof-
itability in these areas has especially been
affected. Erosion has severely degraded these
soils, particularly on backslope landscape
positions, such that corn production has lost
money in three out of the four corn years
studied. Future management should con-
template whether these areas are sufficiently
large and aggregated to manage them differ-
ently than the rest of the field.

Another field feature that stands out in the
profit maps is the effect of tree lines (old fence
rows that have indigenous trees and shrubs).
A tree line divides the field about one-fourth
of the way from the south edge (white strip
in maps of Figure 1). Although the tree line
is only 10 to 15 m (33 to 49 ft) wide, it affects
a swath up to 60 m (197 ft). Tree and shrub
roots compete for water and nutrients, and
the trees shade the crops. Along the east side
and part of the north side of the field, other
tree lines define the boundary between this
field and adjacent fields. These tree lines also
impact crop yield 10 to 20 m (33 to 66 ft)
into the field.

Other minor features, excluded in yield
determinations, include several small areas
devoted to research equipment established at
the field site (white blocks in maps of Figure
1). These areas include the water weir at the
north end of the field, a weather station on
the west edge, and groundwater well nests
(described in detail in Lerch et al., 2005).

Profitability analysis is the first step in
making management changes. Spatial and
temporal analysis of profitability features
builds an economic foundation upon which
to objectively determine the site-specific
selection of crops and application of conser-
vation measures. As an example, the inten-
sive corn production system studied here
identifies the tremendous cost of topsoil loss,
making it clear that management changes
are needed.

Our long-term goal for this field is to
show how crop production and conserva-
tion can be improved using field and with-
in-field information. Much of the analysis
for understanding the important factors
affecting production was based on this spa-
tial and temporal information. Spatial infor-
mation was also crucial for understanding
water and soil quality issues that in turn
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defined the conservation needs (Lerch et al.,
2005). It is the precision information that
provided a reliable historical picture of char-
acteristics of this field, and that in turn
allowed us to tailor a future crop production
system. For this field, we refer to this plan as
a precision agriculture system. The preci-
sion agriculture system plan includes those
production and conservation practices pro-
jected to improve crop production profit and
water and soil quality.

Four steps define the process we followed
for developing and implementing the preci-
sion agriculture system. Step 1, analyze the
existing long-term information database and
assess the yield-limiting factors and water
and soil quality impairment of the historical
cropping system on this claypan soil field.
Lerch et al. (2005) and the first part of this
paper provided the synopsis of this analysis.
Step 2, prioritize the most important pro-
duction and conservation issues identified in
Step 1. Step 3, develop the precision agri-
culture system plan, aimed at addressing
these top priorities. Step 4, implement and
evaluate how precision agriculture system
performs. These last three steps are dis-
cussed below.

Setting priorities for precision agriculture
system. Priorities of individuals, special
interest groups, and institutions vary widely.
However, when considering management
decisions on a crop production field, the
owner/manager’s perspective is essential. In
a market-based economy, such as in the
United States, financial matters have the
greatest effect on a crop producer’s decisions
(Kitchen et al., 2002). Thus our approach
was to develop the precision agriculture
system upon the foundation of improved
crop profit, overlaid with the conservation
actions needed (Figure 3). As previously
stated, conservation measures should be
viewed and promoted as compatible with
production decisions. Our analysis identified
broad conservation-based concerns that
needed to be addressed under the categories
of surface water quality, soil quality, and
groundwater quality (Figure 3). These con-
cerns build on the foundation of improved
production profitability. With these conser-
vation concerns, we gave equal priority to
surface water quality and soil quality, and less
priority to groundwater quality. When the
surface water and soil quality results from this
field were compared to governmental soil and
water standards (e.g., drinking water stan-

dards, erosion factor T) and reports from
other studies, these two priorities presented
the greatest opportunity for improvement.
Specific issues aligning with all four levels of
priority were identified (Figure 3).

The next step was to apply these priorities
site-specifically using long-term profitability
maps (Figure 2) as a guide. These maps
helped define the type and location of
changes needed. Corn profitability for
much of the field was near the breakeven
point, such that even minor cost savings
might contribute to overall profitability and
allow continuation of corn production. We
projected two cost-saving measures. The first
was converting from mulch tillage to no-
tillage. Fuel, equipment, and labor costs for
two tillage passes per year totaled about $34
hat yr! ($14 ac! yr'). The second measure
was fertilizer cost savings by using variable-
rate N applications for corn and wheat.
Based on other studies we conducted
(unpublished data) we would expect to save
about $25 ha! ($10 ac'1). We applied these
two cost-saving measures to the ‘all crops’
profitability map of Figure 2 and created a
potential profitability map (Figure 4, left
map). This projected profitability map
suggested to us where a boundary should be
placed to divide the field into two major
management areas, one where corn could be
grown profitably, and one where it could not.
Starting with this first delineation, three
major management zones were identified.
These zones are labeled as A, B, and C, over-
laid on the potential profitability map (Figure
4, right map).

Management zone A encompasses the
north half of the field, where crop produc-
tion had not been profitable for much of the
area (brown in Figure 4 maps). This zone is
associated with shoulder and side-slope
landscape positions that historically have
experienced severe topsoil loss and have been
most prone to higher herbicide and nutrient
losses (Lerch et al.,, 2005). Management
zone B encompasses both the drainage chan-
nel and the foot slope position in this field.
This zone is one of the more productive
areas of the field, although its ephemeral
nature results in stand problems, and subse-
quent yield loss, for some years.
Management zone B, like management zone
A, represents a sensitive soil area and is prone
to sediment loss. Management zone C
includes approximately the southern half of
the field and represents the broad summit



Figure 4
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Three crop management zones, shown overlaid on adjusted (see text) average long-term
profitability map, identified to target production and conservation priorities of the precision
agriculture system. Description of these management zones is found in Table 2.
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and some shoulder landscape position soils.
Profitability has generally been positive.
Because this zone has very little slope, erosion
has been less evident and topsoil thickness is
greater than in management zone A.

The precision agriculture system plan. The
precision agriculture system plan was then
developed on the premise that this mapped
crop and soil information was fundamental to
understanding what crops should be grown
and what other management and conserva-
tion practices should be adopted. A team
of experts, including project scientists, pro-
ducers, and crop advisors, reviewed the
assessment results, considered crop and
management options and projected their
likely future impact, integrated other non-
quantitative factors (e.g., adoptability of a
particular practice), and reached a consensus
decision on those management components
to include in the precision agriculture system.
We considered this to be the best available
approach to the precision agriculture system
development, a process which cannot cur-
rently be (and may never be) undertaken by
numerical analysis.

The precision agriculture system plan is
summarized in Table 2. The plan adopts a
soybean-wheat-hay crop rotation (three crops
in two years) for management zones A and B,
and a soybean-corn crop rotation for man-
agement zone C. Thus, corn will not be
grown on that portion of the field where it
has been least profitable (management zone
A). Corn has generally been profitable in
management zone B, but more aggressive

conservation management is needed there
than growing corn will allow. The size and
shape of zone B would also make it difficult
to manage it differently from zone A.

Significant measures are needed to mini-
mize erosion for this field, especially for
management zones A and B. No-till will be
employed for the entire field, but modified
for zone C to allow light incorporation of soil
herbicides for weed control in corn. This
protects surface water by reducing desorption
of soil-active herbicides, identified as a risk on
this field (Lerch et al., 2005). Zones A and B
will utilize crops that are winter annuals or
perennials, to maintain ground cover each
year during winter and spring runoff events.
We also expect the perennial plants grown
with the hay crop to promote soil organic
matter and aggregate stability will lead to
subsequent improvement in infiltration and
reduced runoff.

Serious consideration was given to estab-
lishing a permanent grassed waterway along
the drainage channel of this field. However,
when we applied a 15 to 30 m (49 to 98.43
ft) grass waterway to the spatial analysis data-
base, average profitability decreased by $10 to
13 ha! ($4 to 5 ac!), excluding costs of
establishment. In lieu of a grassed waterway,
permanent stiff-stem grass strips will be estab-
lished in several critical areas of the waterway
within management zone B. Forage from
these strips will be harvested with the hay
crop. When crop and soil conditions allow,
grading will be performed in areas of surface
water ponding in the drainage channel (prior

to stiff-stem grass establishment). No soil-
applied herbicides will be used for the soil
sensitive areas of the field represented by
management zones A and B.

Nitrogen for corn and wheat will be
applied variably, relying on ground-based
reflectance technologies (Shanahan et al,
2003) that have been commercialized in
recent years. Variable-rate applications of
lime, and P and K fertilization (Figure 5) will
be based on 30-m (98.43 ft) grid-sample
soil-test results and University of Missouri
fertilizer recommendations (Buchholz et al.,
1983). For P and K applications, the fertilizer
recommendation was altered to include a
site-specific soil nutrient buffer (Figure 5).
Fertilizer recommendation programs com-
monly use a single value to represent all soils
within a region or state. Using yield maps
and soil test results, we found change in soil
test values, with either fertilization or crop
nutrient removal, differed spatially within this
field (Myers et al., 2003). Some soils needed
more fertilizer and some soils needed less
fertilizer than the University of Missouri
recommendations to raise soil test values to
their sufficiency level (i.e., the value at which
the crop is not expected to respond to addi-
tions of more fertilizer).

Following initiation of the precision
agriculture system plan in 2004, variable-
rate lime and potassium (K) were applied in
the spring. Wheat was established in man-
agement zones A and B in the fall of 2004.
The other components of the precision
agriculture system identified in Table 2 will
be phased in over the 2005 and 2006 grow-
ing seasons.

Precision agriculture system evaluation. In
the future the precision agriculture system
will be tested by comparing the 1991 to 2003
period when the field was farmed under
conventional uniform management with the
2004 and future period under the precision
agriculture system management. While a
paired watershed approach has been suggest-
ed for this comparison, it was not chosen
because no two fields have identical spatial
variability, and thus the outcome of the study
would depend on which field was assigned
the precision agriculture system treatment.

The disadvantage of comparisons made
over time is that no two climate years are the
same. To overcome this obstacle, we will use
the results from the 1991 to 2003 time period
to calibrate production and water quality
computer models. The calibrated models
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Table 2. Description of the precision agriculture system for a Missouri claypan soil field.

Management zones

Attribute A B Cc

General Shoulder and side slopes on the Foot slope and drainage areas on the Broad summit and shoulder areas on

description north half of the field. Profitability north half of the field. Profitability the south half of the field. Profitability
has been generally negative. Erosion has been mixed. Sediment deposition has been generally positive. Minimal
has resulted in topsoil thickness prevalent. Topsoil thickness ranges erosion with topsoil thickness
generally < 15 cm in many areas of from 30 to 120 cm in depth. ranging between 30 and 50 cm.
this zone.

Soybean even years; no-till drilled; glyphosate- even years; no-till drilled; glyphosate- even years; no-till drilled; glyphosate-
resistant soybeans in mid-May, resistant soybeans in mid-May, resistant soybeans in mid-May,
following hay harvest. following hay harvest. following hay harvest.

Corn none none odd years; no-till planted; atrazine

@ 2.24 kg ha™ + grass herbicide,
modified no-till to dry soil and
incorporate atrazine just before corn
planting; when possible harvest and
market as high moisture grain to
allow for fall rye growth.

Winter wheat

odd years; generally, no herbicides
will be needed.

odd years; generally, no herbicides
will be needed.

none

Hay cover crop

frost seed red clover in early spring
of odd years; drill rye in late summer
where weak or no clover stand exists;
harvest hay in late fall (if suitable),
and in early May just before soybean
planting.

frost seed red clover in early spring
of odd years; drill rye in late summer
where weak or no clover stand exists;
harvest hay in late fall (if suitable),
and in early May just before soybean
planting.

rye drilled as cover crop following
corn.

Nitrogen

wheat: 34 kg ha* at planting +
topdress using crop reflectance
technologies for variable rate N
applications.

if rye is planted: 30 Ibs ac™ in early
Sept. + 45 kg ha in late Mar.

wheat: 34 kg ha* at planting +
topdress using crop reflectance
technologies for variable rate N
applications.

if rye is planted: 34 kg ha? in early
Sept. 45 kg ha in late Mar.

corn: starter + variable rate based
on crop reflectance technologies.
rye: 34 kg ha in early Sept. + 40
lbs ac? in late Mar.

Phosphorus and
potassium

variable rate based on field-wide grid
soil sampling.

variable rate based on field-wide grid
soil sampling.

variable rate based on field-wide grid
soil sampling.

Lime

variable rate based on field-wide grid
soil sampling.

variable rate based on field-wide grid
soil sampling.

variable rate based on field-wide grid
soil sampling.

Other site-specific
conservation
measures

initial grading to minimize ponding in
flat areas along ridge tops.

initial grading to assist channel
drainage; stiff stem filter strips within
drainage channel.

initial grading to minimize ponding in
flat areas.

will be used to predict outcomes had the field
not been converted to a precision agriculture
system. Initial calibrations of the Root Zone
Water Quality model and corn and soybean
crop growth models (Ghidey et al., 1999;
Fraisse et al., 2001b; Wang et al., 2003) have
already been accomplished on this field.
Differences between predicted values and
measurements from the precision agriculture
system will be used to quantify the impacts of
precision agriculture system. If computer
model predictions for the conventional
system prove unsatisfactory, then only mean
annual loads can be used to compare relative
annual contaminant loads (i.e., chemical loss
as a percent of applied) and soil erosion
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between the conventional and the precision
agriculture systems. Relative comparisons of’
contaminant load will still be useful, but less
authoritative, since the climate conditions
between data sets will not be identical.
Water quality assessment will rely on
sampling from the field watershed weir and
groundwater well network in a similar way
as was done during the 1991 to 2003 time
period (Lerch et al., 2005). Combine
harvester yield monitoring will be used to
evaluate the effects of the precision agricul-
ture system on crop production.
Profitability will be calculated based on new
spatially-variable input costs. A nearby
research field will be planted to the same

crop varieties and managed conventionally
to provide annual comparison data. The
modeling effort will be used to account for
the spatial differences in production poten-
tial between the two fields and to simulate
‘conventional’ yields on the precision agri-
culture system field. We will continue to
monitor annual variability in factors that
affect crop production such as soil fertility,
pest infestations, and plant population.

Summary and Conclusion

Profitable utilization of precision agriculture
technology depends on a thorough under-
standing of the physical and biological factors
of the field and crop within an economic



Figure 5
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Variable-rate application maps for the precision agriculture system include lime (left) and K,0
fertilizer (right). For the K fertilizer recommendation, a site-specific soil nutrient buffer (center)
was calculated from yield maps and grid-sampled soil test results.
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framework, and then concurrently identifying
and targeting needed conservation measures.
This type of synthesis and implementation is
complex and expensive. No universal data
set can be identified since what is needed to
make well-informed decisions will vary
from one field to the next (Atherton et al.,
1999). Further, precision agriculture
research is characterized by its multi-faceted
sciences and information sources. A
research setting that offers cooperation and
collaboration across disciplinary interests
(e.g., economics, engineering, crop and soil
sciences, and pest management) provides the
best opportunity for systematic and thor-
ough assessment to determine if precision
agriculture will provide answers for both the
practical, economically-oriented producer
and the environmentally-concerned ‘down
stream’ citizen.

Here and in companion investigations
(Lerch et al., 2005), our long-term monitor-
ing showed that: 1) long-term erosion of top-
soil has degraded the soil on shoulder and
side slope positions of major portions of this
field, affecting crop production and soil and
water quality; 2) the corn-soybean manage-
ment practices used have rarely been prof-
itable where topsoil is shallow; 3) herbicide,
nutrient, and sediment loads in runoff were
major water quality concerns, but herbicide

leaching to groundwater was minor; 4) nitrate
leaching to groundwater was most affected by
preferential flow through soil fractures and
climatic factors; and 5) soil quality was lowest
where topsoil had been lost. We prioritized
these and other results, and developed the
precision agriculture system plan. We
employed four steps in creating the precision
agriculture system for this Midwest claypan
soil field, including: 1) spatial and temporal
assessment of the crop, water, and soil charac-
teristics of this field; 2) determination of
the priority changes that were needed to
make crop production on this field more
sustainable; 3) development of the precision
agriculture system to achieve the identified
priorities; and 4) implementation of the
precision agriculture system to compare its
performance to past management practices.
In developing the precision agriculture
system, we used the profit map to help define
three management zones for this field. Profit
maps are attractive because they present
the information in a unit that is useful for
financial decision making—dollars. As a
visual representation of an underlying data-
base of site-specific profitability information,
the profit map rapidly communicated the
spatial contiguity and areal extent of prof-
itability features. The visual perception of
these features stimulates hypotheses that can

be analyzed by assessing other mapped infor-
mation from the field or a producer’s knowl-
edge from his/her observations. Calculation
of site-specific profitability allows profitability
to be related to causal factors (e.g., topsoil,
fertility levels, hydrology) that can be quanti-
fied spatially. Coincidentally, in this field the
zone with lowest profitability was also in
greatest need of conservation measures
because historic soil erosion predominated in
this zone. Thus, the high-priority conserva-
tion needs identified in Lerch et al. (2005)
will be addressed simultaneously with prof-
itability improvements.

Evaluation of the impact of precision agri-
culture on improving either production or
the environment has usually considered only
one or two management practices at a time.
In contrast, our research plan includes multi-
ple management practices aimed at addressing
both production and conservation issues.
This case study of the value of integrating
production and conservation using precision
information is unique, and will have national
and international application.

Endnote

Mention of trade names or commercial prod-
ucts in this article is solely for the purpose of
providing specific information and does not
imply recommendation or endorsement by
the U.S. Department of Agriculture or the
University of Missouri.
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